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I.  Introduction 


Statement  of  the  Problem 

B,  W.  Leonard  [5]  has  shown  that  the  difference  in  the  sound 
absorption  in  sea  water  and  in  fresh  water  at  frequencies  below  one 
megacycle  is  due  largely  to  the  presence  in  the  sea  of  magnesium 
sulphate.  L.  Liebermann  [7]  has  proposed  that  either  a unlmolecular 
or  a dissociation  type  process  involving  magnesium  sulphate  molecules 
or  its  ions  might  be  the  cause  of  the  exoess  sound  absorption,  ftie 
work  of  0.  B.  Wilson  [U]  seemed  to  show  that  the  process  was  uni- 
molecular  but  as  pointed  out  by  B.  Barthel  [83  , some  errors  had  been 
made  which  when  corrected  shoved  that  Wilson's  data  fitted  equally 
well  either  the  unlmolecular  or  the  dissociation  process. 

In  an  effort  to  determine  the  mechanism  responsible  for  the  ex- 
cess sound  absorption  in  magnesium  sulphate  solutions  at  frequencies 
below  one  megacycle  a new  parameter  has  been  introduced.  On  the 
suggestion  of  Or.  Leonard  the  effect  on  the  acoustic  phenomenon  of 
varying  the  dielectric  constant  of  the  solvent  has  been  studied. 

This  should  shift  the  dissociation  equilibrium  and  should  have  a 
marked  effect  on  the  sound  absorption. 

The  theoretical  treatments  so  far  published  have  been  inade- 
quate since  they  have  not  taken  into  account  the  strong  dependence 
of  the  activities  of  the  ions  on  their  concentration.  This  was 
pointed  out  by  Dr.  Leonard  Ball  in  a private  conversation.  On  his 
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suggestion  equations  hare  been  derived  which  take  Into  acoount  this 
effect.  It  appears  from  the  present  work  that  the  effect  of  the 
variation  in  activities  due  to  the  variation  in  local  concentration 
with  the  passage  of  a sound  wave  Is  certainly  not  negligible. 

In  the  following  pages  will  be  presented  quantitative  reasons 
for  believing  that  the  excess  sound  absorption  in  magnesium  sulphate 
solutions  at  frequencies  between  five  and  five  hundred  kilocycles 
and  for  concentrations  between  one  thousandth  and  twenty  thousandths 
molar  is  due  to  an  irreversible  periodic  perturbation  of  the  simple 
dissociation  process. 

Sound  Absorption  Due  To  Relaxation 

Suppose  that  a sinusoidal  plane  wave  sound  field  is  moving  in 
the  positive  x direction  in  a dissipative  medium.  The  sound  pres- 
sure p In  complex  notation  at  any  point  along  the  x axis  In  terms  of 
the  sound  pressure  p0  at  the  origin  is 

P ■ P0  exp.  lu(t-x/v)  « p0  exp.  [ - ax+iw(t-x/v0)  ] (l) 

where  <a  Is  the  angular  frequency,  t Is  the  time,  vQ  Is  the  sound 
velocity,  a is  the  pressure  attenuation  coefficient  and  v Is  the 
complex  velocity  equal  to  v’*  - lau”1. 

The  sound  Intensity  Is  proportional  to  the  square  of  the  pres- 
sure anplitude  so  that  the  intensity  of  the  sound  I at  any  point 
along  the  x axis  In  terms  of  the  sound  Intensity  IQ  at  the  origin  Is 


I « IQ  exp.  -2 ax 


(2) 
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where  2 ale  the  Intensity  attenuation  coefficient  In  nepers  per  unit 
of  length. 

Consider  a uniform  continuous  isotropic  medium,  the  particles 
of  vhloh  may  exist  In  one  or  the  other  of  tvo  possible  states  A and 
B.  These  states  might  be  characterized  by  different  energy  levels 
or  geometrical  configurations  involving  different  volumes  or  be  char- 
acterized by  a combination  of  both  properties. 

Suppose  that  the  tvo  states  are  in  dynamic  equilibrium  with 
each  other  so  that  particles  In  state  A are  continually  going  over 
to  state  B and  vloe  versa  such  that  the  relative  populations  In  the 
tvo  states  form  a constant  ratio  K'. 

In  general  K'  will  be  a function  of  the  temperature  T,  of  the 
pressure  P,  of  the  composition  expressed  In  moles  per  liter  c,  and 
of  the  forces  of  Interaction  of  the  particles.  For  electrolytes 
the  coulomblc  forces  of  the  ions  In  solution  on  each  other  are  so 
strong  that  other  intermolecular  forces  may  be  neglected  to  the 
first  approximation  In  comparison  with  them.  The  behavior  of  elec- 
trolytic solutions  may  thus  be  described  with  fair  accuracy  In 
terms  of  the  Ionic  charges  z^  and  the  dielectric  constant  D of  the 
medium.  For  electrolytes  one  may  write  symbolically 

A * B (3) 

B/A  - K'tT^Cjti.D)  (4) 

where  the  expllolt  dependence  of  the  equilibrium  parameter  K ' on 
the  variables  depends  upon  the  mechanism  Involved. 


Consider  an  aocoustle  wave  traveling  through  the  medium.  The 
passage  of  the  sound  wave  past  a reference  point  In  the  medium  vill 
be  accompanied  by  a time  variation  In  the  pressure  and  In  general 
by  an  accompanying  time  variation  In  the  temperature.  The  equilib- 
rium will  be  perturbed  Irreversibly  and  will  give  rise  to  attenuation 
of  the  acoustic  wave. 

For  a sound  of  lov  frequency  the  equilibrium  vill  tend  to  fol- 
low the  perturbing  force  reversibly.  On  the  other  hand,  the  process 
will  tend  not  to  follow  the  perturbing  foroe  at  all  at  very  high 
frequencies.  At  some  Intermediate  frequency  a maximum  In  the  degra- 
dation of  energy  per  cycle  will  be  produced  by  the  irreversibly 
perturbed  mechanism. 

The  Intensity  attenuation  coefficient  in  all  ordinary  liquids 
except  mercury  may  be  accounted  for  by  the  viscous  losses.  In 
electrolytic  solutions  such  as  described  here  the  additional  loss 
of  sound  energy  due  to  the  perturbed  chemical  equilibrium  must  be 
added  to  the  viscous  losses. 

Analytically  it  is  found  that  the  contribution  to  the  Intensity 
attenuation  coefficient  tends  to  a constant  value  at  infinite  fre- 
quency and  goes  as  the  square  of  the  frequency  at  lov  frequencies. 

The  expression  for  the  intensity  attenuation  coefficient  may  be 
written  as 


2a> 


(2H*+  n"  )ug 

" 2pvn3 


A'm2 


<5) 


where  the  first  term  is  due  to  viscosity  and  the  second  to  chemical 
relaxation.  The  second  term  Is  oalled  the  excess  absorption  coef- 
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f talent. 

n'  and  |i"  are  the  shear  and  dilatatlonal  viscosity  coeffi- 
cients [ 9)  , p is  the  density,  and  A*  and  x are  physical  constants 
characteristic  of  the  perturbed  chemical  mechanism. 

k Is  the  relaxation  frequency  measured  In  angular  cyoles  per 
second.  Physically  It  Is  the  reciprocal  of  the  time  for  the  equi- 
librium parameter  to  come  to  l/e  of  Its  final  value  vhen  the  system 
has  been  suddenly  perturbed  and  then  alloyed  to  relax,  e is  the 
base  of  the  naplerlan  logarithms. 

In  writing  equation  (5)  It  has  been  explicitly  assumed  that 
the  effect  of  the  presence  of  the  electrolyte  Is  merely  to  add  to  the 
attenuation  coefficient  of  the  medium  a term  due  to  the  perturbed 
meohanlsm.  The  assumption  has  also  been  made  that  there  Is  only  one 
such  mechanism.  Experiment  has  shown  [1,2,15],  however,  that  there 
are  at  least  two  for  some  of  the  electrolytes  so  far  Investigated. 

For  suoh  electrolytes  a third  term  similar  to  the  second  term  In  equa- 
tion (5)  must  be  added.  However,  for  frequencies  well  below  the  sec- 
ond relaxation  frequency  equation  (5)  would  become 

2jjV  . A'»8  A"u2  , . 

2a  • , p n 2 ^ 

2Pv03  x +<o2 

Thus  a mechanism  of  high  relaxation  frequency  will  make  a negligible 
contribution  if  A*  is  not  too  large.  Magnesium  sulphate  falls  into 
this  category. 

At  frequencies  high  compared  to  the  relaxation  frequency  equa- 
tion (5)  becomes 


• t.  | 
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’ (2nW  . . (2Hf+*iM)«2 

2a- 5 + A%  (7) 

2P*o  2Pt0 * 

Measurements  in  the  ocean  shov  that  at  frequencies  above  one 
megacycle  the  attenuation  coefficient  is  practically  the  same  as  for 
fresh  water.  This  tends  to  shov  that  n*  and  y"  are  relatively  un- 
affected by  the  presence  of  the  salts  in  solution.  However,  meas- 
urements of  the  absorption  of  sound  in  aqueous  sodium  aoetate  solutions 
at  frequencies  between  ten  and  forty  megacycles  have  shown  that  the 
effect  of  the  electrolyte  may  be  to  decrease  the  total  intensity  at- 
tenuation coefficient  below  that  of  pure  water.  This  is  explained  by 
interpreting  the  viscosity  of  water  as  a relaxation  phenomenon  and 
assuming  that  the  salt  has  decreased  its  relaxation  time  [10]  . 

In  magnesium  sulphate  solutions  experiment  seems  to  shov  that 
equation  (5)  describes  the  behavior  of  the  intensity  attenuation  co- 
efficient accurately  to  within  the  experimental  error  over  the  fre- 
quency range  from  five  to  one  thousand  kilocycles  [2,4,15]  . 

The  excess  absorption  coefficient  multiplied  by  a wave  length 
has  a maximum  value  when  the  frequency  of  the  acoustic  wave  is  equal 
to  the  relaxation  frequency.  From  equation  (5)  this  quantity  is  re- 
lated to  A1  as  follows: 

(8) 

where  Xls  an  acoustic  wave  length. 

In  the  special  case  of  a simple  dissociation  process  of  the 
type  AB  i A + B,  one  may  write  in  place  of  equations  (3)  and  (4) 
the  following  equations  using  the  mass  action  equilibrium  lav. 
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(l-a  ■ c2f^a2lc2 

(9) 

. (o^J/U-a) 

(10) 

f£  is  the  aean  squared  activity  coefficient,  o is  the  molar  con- 
centration of  dissociating  electrolyte,  a is  the  degree  of  dissocia- 
tion, and  K is  the  mass  aotlon  equilibrium  constant,  k^  and  kg  are 
the  speolflo  rate  constants.  The  concentration  of  (AB)  Is  given  by 
c(l-a)  and  the  concentration  of  either  (A)  or  (B)  is  given  by  ca. 
Activity  coefficients  have  been  Introduced  in  order  to  replace  ac- 
tivities with  the  more  convenient  concentration  terms. 

If  k^  is  the  specific  rate  of  going  from  state  A to  state  B and 
kg  is  the  reverse  specific  rate  then  it  may  be  expected  that  the  re- 
laxation frequency  vill  be  a function  of  k^  and  kg.  One  may  also 
expect  that  if  either  one  or  both  of  the  specific  rate  constants  in- 
creases that  the  relaxation  frequency  will  likewise  Increase.  Since 
k^  and  kg  both  have  the  same  units  in  time  as  k ( Inverse  seconds ) it 
may  be  expected  to  Involve  these  parameters  in  some  linear  combina- 
tion, but  since  in  general  they  may  also  have  concentration  units  x 
may  be  a function  of  the  concentration  c of  the  electrolyte  as  well. 

The  excess  absorption  cross  section  per  wave  length  per  mole 
p/c  may  be  expected  to  be  a function  of  concentration  as  well  as  a 
function  of  the  equilibrium  parameter  K'  or  of  the  mass  action 
equilibrium  oonstant  K.  If  K1  is  zero  then  all  particles  are  in 
state  A and  thus  there  can  be  no  sound  absorption.  If  S'  is  in- 
finite then  all  particles  are  in  state  B and  again  there  can  be  no 
sound  absorption.  Now  slnoe  n/c  is  a positive  function  of  S'  it 
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oust  pass  through  at  least  one  maximum  as  K*  goes  from  zero  to  in- 
finity. For  any  simple  system  it  seems  reasonable  that  only  one 
maximum  will  exist. 

The  dependence  of  k and  n/c  on  the  parameters  c,  K,  k-^,  kg, 
and  the  temperature  T is  expressed  symbolically  in  the  following 
equations . 

ix/c  - f(c,K,T)  (11) 

x«  g(c,ki,kg,T)  (12) 

The  mechanism  producing  the  excess  sound  absorption  nay  be  de- 
termined by  determining  the  dependence  of  n/c  and  k on  the  parameters 
involved.  In  electrolytes  kg  and  K may  be  varied  by  varying  the 
total  concentration  of  ions  (ionic  strength)  in  solution  or  the  di- 
electric constant  of  the  solvent  [17]  . 

Previous  Work  On  Sound  Absorption  In  Electrolytes 

The  most  comprehensive  work  on  excess  sound  absorption  in  elec- 
trolytes has  been  done  by  Tamm  and  Kurtze  [ 1,2,15]  and  by  Wilson  [4]. 

The  results  of  their  work  will  be  briefly  reviewed.  Tamm  and  Kurtze 
have  investigated  the  acoustic  absorption  properties  of  a large  num- 
ber of  electrolytes  in  water  solutions  with  regard  to  the  dependence 
of  the  absorption  cross  seotion  and  the  relaxation  frequency  on  the 
valence  of  the  salt,  the  temperature,  the  concentration,  the  pH  of 
the  solution,  and  the  effect  of  mixing  of  salts  in  solution.  By 
using  a spherical  resonator  in  the  range  from  5 Ko.  to  50  kc.,  a 
reverberation  method  in  the  range  from  50  to  1,000  kc.,  and  Debye 

- * 
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type  optioal  methods  at  higher  frequencies  they  have  managed  to 
oover  a frequency  range  from  5 ho.  to  100  me.  Of  prinolpal  In- 
terest here  are  the  results  obtained  at  frequencies  below  one  meg- 
acycle and  for  the  2-2  valence  type  electrolytes. 

All  of  the  2-2  valence  type  inorganic  electrolytes  investigated 
without  exception  showed  large  excess  sound  absorption.  Tamm  in- 
vestigated the  following  sulphates:  BeSO^,  NISO4,  MgSOi*,  C0SO4, 

M11SO4,  ZnSO^,  and  CUSO4.  Wilson  whose  results  confirm  Tamm's  in- 
vestigated BeSC>4,  MgS04,  and  ZnS04.  Tamm  also  investigated  MgSgO^ 
and  MBC1O4. 

Tamm  finds  that  for  all  of  the  2-2  valence  type  inorganic 
electrolytes  the  excess  sound  absorption  is  approximately  linearly 
dependent  upon  the  concentration.  In  particular  the  absorption 
cross  section  of  Mef3(>4,  MnSCfy,  ZnS<>4,  and  C11SO4  is  approximately 
constant  over  the  range  from  .001  to  ,1  molar,  but  slightly 
diminishes  at  concentrations  above  approximately  .1  molar. 

Wilson  has  investigated  the  dependence  of  the  excess  sound 
absorption  on  concentration  in  somewhat  more  detail  in  the  concen- 
tration range  from  .003  to  .02  molar  and  finds  a nonlinear  relation- 
ship between  the  excess  sound  absorption  and  the  concentration.  In 
fact,  it  will  later  be  shown  that  the  absorption  cross  section  p,/c 
calculated  using  Wilson's  data  tends  to  zero  as  the  concentration 
goes  to  zero.  Presumably  Wilson's  results  because  they  are  some- 
what more  detailed  give  a little  better  picture  of  the  behavior  of 
the  absorption  cross  seotion  at  low  concentrations  than  do  Tanzn-s 
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for  magnesium  sulphate  solutions. 

The  frequency  dependence  of  the  excess  sound  absorption  for  all 
of  the  electrolytes  Investigated  shoved  that  the  effect  my  be  In- 
terpreted In  terms  of  one  or  more  relaxation  processes;  In  particu- 
lar a relaxation  frequency  of  130  he.  at  20#C  vas  determined  for 
MgSOit  vhlch  seemed  to  be  independent  of  the  concentration.  A second 
relaxation  process  vas  also  Indicated  at  a frequency  above  100  mega- 
cycles. NISO4  vas  found  to  have  a relaxation  frequenoy  at  about  15 
kc.,  BeSO^  a relaxation  frequency  belov  10  kc.  and  C0SO4  a relaxation 
frequency  at  about  400  kc.  These  relaxation  frequencies  vere  also 
found  to  be  concentration  Independent.  It  vas  also  determined  that 
MgS203  and  MgCrOii  have  about  the  same  relaxation  frequencies  as  MgSO^. 
Tamm  concludes  that  the  relaxation  frequency  seems  to  be  determined 
by  the  cation  (Mg**)  rather  than  by  the  anion  (C1O4,  SO*,  S2o")  and  is 
Independent  of  concentration  for  a large  number  of  electrolytes. 

The  effect  on  the  excess  sound  absorption  of  MgSO^  and  MnSO^  so- 
lutions of  the  addition  of  NaCl  vhich  shovs  no  excess  sound  absorption 
of  Its  ovn  vas  also  investigated.  It  vas  found  that  independent  of 
the  initial  value  of  the  absorption  coefficient  aQ,  the  ratio  of  the 
Incremental  change  da  to  the  nev  value  a vas  linearly  related  to 
the  ratio  of  NaCl  concentration  to  M0SO4  concentration  for  both 
ME5SO4  and  NhSOj!.  This  vas  shovn  to  be  true  for  values  of  the  ratio 
from  1 to  20.  In  particular  Tamm  reports  the  folloving  empirical 
rule: 


da /a-  [(NaCl)/(MeS04)  ] f 


(13) 


11 


For  Mgj30^  t m 1/5  and  for  M1SO4  f * 1/12.5. 

The  temperature  dependence  of  the  relaxation  frequency  and  the 
exoes s absorption  cross  section  was  investigated  for  NiSO^,  CoSO^ 
and  for  MgSO^,  In  each  case  it  was  found  that  the  relaxation  fre- 
quency increased  with  the  temperature  according  to  the  law 

logU/T)  « - (AH/RT)log(e)  + constant  (l4) 

where  AH  is  the  enthalpy  of  activation  and  e is  the  napierian  base. 
Wilson's  work  on  the  temperature  dependence  of  the  relaxation  fre- 
quency gives  good  agreement  with  the  work  of  Tamm  for  MgSO^. 

The  magnitude  of  the  excess  sound  absorption  cross  section  was 
observed  by  Tamm  to  increase  very  slightly  and  then  to  decrease  as 
the  temperature  ranged  from  11*C  to  8 0#C  for  .05  molar  MgSO^.  Wilson 
investigated  the  temperature  dependence  of  the  excess  absorption  per 
wave  length  for  a .01  molar  solution  of  MgSO^  and  found  a slight  In- 
crease in  the  excess  sound  absorption  between  4.4°C  and  43.5°C  in 
agreement  with  Tamm's  results. 

In  an  effort  to  explain  his  own  results  and  those  of  Kurtze  in 
the  higher  frequency  range  Tamm  considers  various  possible  models  in 
the  light  of  his  evidence  and  comes  to  the  conclusion  that  the  excess 
sound  absorption  might  be  due  to  dissociation,  ion  association,  or 
a complicated  combination  of  molecular  dissociation  and  hydrolysis. 

He  rules  out  the  possibility  of  thermal  relaxation  or  of  ion  hydra- 
tion. Tamm  prefers  the  combination  of  molecular  dissociation  and 
hydrolysis  hypothesis. 
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For  magnesium  sulphate  Wilson  ruled  out  the  possibility  of 
thermal  relaxation  since  no  appreciable  decrease  in  the  sound  absorp- 
tion was  observed  at  about  4°C  at  which  temperature  the  sound  would 
be  propagated  approximately  lsothermally.  This  Is  In  agreement  with 
calculations  due  to  Llebermann  [ 7 ] . On  this  basis  It  will  be  assumed 
that  the  excess  sound  absorption  Is  due  to  a pressure  dependent 
process. 


II.  Theory  of  Sound  Absorption  in  Magnesium  Sulphate 


Ae  mentioned  in  the  Introduction,  L.  Liebermann  [7]  has  pro- 
posed that  the  excess  sound  absorption  in  the  sea  may  be  due  to  the 
aooustlcal  perturbation  of  either  a unimolecular  process  involving 
the  molecules  or  ions  of  magnesium  sulphate  or  the  dissociation 
process  involving  the  same  compound.  The  possible  chemical  mech- 
anisms which  he  has  suggested  are 


(A)kx  * (B)k2 

(15) 

(MgSO^kj.  ^ (Mg^MSOj/")^ 

(16) 

On  the  basis  of  (15)  and  (l6)  and  the  assumption  of  pressure  de- 
pendence alone  he  has  derived  expressions  for  the  excess  sound  absorp- 
tion properties  due  to  an  irreversible  perturbation  of  either  the 
dissociation  process  or  the  unimolecular  process  where  no  account  has 
been  taken  of  activity  coefficients.  Barthel  [8]  has  since  presented 
similar  equations  in  which  he  has  considered  activity  coefficients 
for  the  dissociation  process  but  not  their  variation  with  an  acoustic 
wave. 

For  the  unimolecular  process  of  the  type  described  by  equation 
(15)  the  expressions  for  the  maximum  excess  sound  absorption  per  wave 
length  and  the  relaxation  frequency  are  according  to  Barthel 

H - ( & ▼ )8ak1k2^ST(k14kg)2 


(17) 
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* • k^  + kg  ClS) 

a Is  the  total  oonoentratlon  of  the  species  producing  the  sound 
absorption.  Sinoe  it  is  an  experimental  fact  that  both  Mg4"*  and  S0^~’ 
ions  must  be  present  ve  may  take  m as  equal  to  either  the  concentra- 
tion of  pairs  of  ions  c a or  to  the  concentration  of  molecules  c(l-a) 
where  c is  the  concentration  of  magnesium  sulphate  and  a is  the 
degree  of  dissociation.  ( A V)  is  the  change  in  volume  per  mole  on 
going  from  state  A to  state  B.  p is  the  Isothermal  compressibility. 

According  to  equation  (16)  the  unlmolecular  process  is  charac- 
terized by  a relaxation  frequency  which  is  Independent  of  the  con- 
centration of  electrolyte. 

New  equations  for  the  maximum  excess  sound  absorption  per  wave 
length  and  the  relaxation  frequency  have  been  derived  based  upon 
the  mechanism  proposed  in  equation  (16).  The  strong  dependence  of 
the  activities  of  the  ions  on  the  concentration  of  the  electrolyte 
and  the  periodic  variation  of  the  activities  of  the  ions  with  the 
passage  of  an  acoustic  wave  has  been  taken  into  account.  These 
equations  are  based  upon  the  assumption  that  an  irreversible  per- 
turbation of  a pressure  dependent  chemical  equilibrium  will  cause  a 
phase  lag  in  the  compressibility  of  the  medium.  No  thermal  relaxation 
is  considered.  The  pseudo  thermodynamic  approach  is  used  in  the  der- 
ivation which  is  given  in  the  appendix. 

In  accounting  for  the  variation  of  the  activities  with  the 
passage  of  a sound  wave  a new  function  F is  defined  by  means  of  equa- 
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tion  (20}  below.  Through  this  equation  the  parameters  dieleotrio 
constant  D and  lonal  concentration  p are  Introduced.  If  Is  the 
concentration  of  the  1th  ion  species  and  Is  the  number  of  units  of 
charge  on  It,  then  the  lonal  concentration  is  given  by  the  equation 

f-  |clZl2  [3]  (19) 

and  the  function  F Is  defined  as  follows: 

din  ff 

F - -8  — (20) 

dp 

The  function  F Is  evaluated  by  means  of  the  Debye  Buckel  equa- 


tlon  for  the  mean  activity  coefficient  [3]  . 

In  . - >.606  S y/T 

(21) 

1 + App* 

The  expressions  for  S and  A are 

S . 5.132xl06(DT)“3^2 

(22) 

a - 

(23) 

The  mean  Ionic  diaaeterS  enters  into  the  calculation  of  A.  The 
value  used  was  taken  as  3.08  angstroms  (page  4l6  of  reference  19). 

See  the  conclusion  for  a further  discussion  of  the  mean  Ionic  diameter. 

The  function  F always  appears  multiplied  by  co  so  that  Fca  shall 
be  considered  Instead  of  F alone.  Fca  has  been  calculated  and  plotted 
as  a function  of  ca  and  Is  presented  In  graphical  form  In  the  appendix. 
The  range  of  concentrations  for  which  the  expression  for  Fca  is  good 
is  limited  to  the  range  for  which  equation  (21)  is  applicable. 
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For  the  diesooiation  process  the  equations  vhlch  have  been  de- 
rived (see  the  appendix)  for  the  excess  sound  absorption  per  wave 
length  per  sole  and  the  relaxation  frequency  are 

(24) 


£ „ ff(l-a)  Wkx 
0 KpRT 


1 + 


(2-Fca) 


(25) 


P is  the  isothermal  static  compressibility  of  the  medium  and  is 
assumed  to  be  unchanged  by  the  addition  of  the  electrolyte.  The  de- 
termination of  P is  described  in  the  appendix. 

W is  an  empirical  parameter  vhlch  must  be  evaluated  by  experi- 
ment. 

The  following  facts  about  the  dependence  of  Fca  and  a upon  the 
dielectric  constant  D of  the  medium  and  the  molar  concentration  c of 
the  electrolyte  In  solution  are  pertinent  to  this  experiment.  The 
value  of  a decreases  monotonlcally  and  for  large  values  of  the  di- 
electric constant  (water,  D * 78*5  esu,  T * 25 °C)  very  slowly  from 
unity  at  zero  concentration  toward  zero  as  the  concentration  in- 
creases. As  the  dielectric  constant  of  the  medium  is  lowered  the 
rate  of  decrease  of  a with  increasing  concentration  Is  greatly  accel- 
erated. This  means  with  regard  to  equation  (10)  or  (l6)  that  the 
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value  of  the  ones  action  equilibrium  constant  as  well  as  the  value 
of  the  mean  squared  activity  coefficient  is  lowered  by  lowering  the 
dleleotrlo  constant  of  the  medium.  Physically  this  means  that  the 
population  of  ions  Is  diminished  while  the  population  of  moleoules 
is  increased  for  a given  total  concentration  of  eleotrolyte  as  the 
dielectric  constant  is  lowered. 

The  function  Foa  plotted  as  a function  of  oa  lnoreaeesat  first 
rapidly  with  concentration  and  then  tends  to  level  off  increasing 
slowly  at  higher  concentrations.  The  effeot  of  lowering  of  the  di- 
electric constant  is  to  aooelerate  the  rate  of  change  of  Foa  with  c 
as  well  as  to  give  it  higher  values.  See  the  plot  of  Foa  in  the 
appendix.  It  ie  shown  in  the  appendix  that  Fca  is  bounded. 

In  water  solvents  in  the  range  of  concentrations  amenable  to 
investigation  with  the  present  apparatus,  the  difference  between 
equations  (18)  which  predicts  a constant  relaxation  frequency  and 
(25)  which  predicts  a slightly  increasing  one  oould  not  be  defi- 
nltely  established  because  equation  (25)  increases  only  slightly 
and  the  dispersion  in  the  measured  values  of  k was  of  the  order  of 
that  increase.  Dr.  Wilson,  like  Tamm,  concluded  that  the  relaxa- 
tion frequency  was  oonstant. 

Similarly,  Dr.  Wilson's  data  for  the  excess  absorption  per 
wave  length  would  fit  either  the  dissociation  or  the  unimoleoular 
process  as  previously  mentioned.  From  Wilson's  data  it  may  be 
shown  that  in  magnesium  sulphate  solutions  the  ratio  ii/o  tends  to 
zero  as  the  concentration  goes  to  zero.  Thus  this  quantity  is 
proportional  to  the  number  of  magnesium  sulphate  molecules  which 
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also  tends  to  zero  with  the  concentration. 


If  a unlmolecular  process  were  the  source  of  the  excess  sound 
absorption  then  m should  be  taken  equal  to  c(l-a)  according  to  the 
discussion  above  and  equation  (17)  should  take  the  form 

t»/o  • djgfeSL  (1-.)  «) 

(kj+l^)2 

Since  a Is  a mono tonic  decreasing  function  of  concentration 
p/o  should  be  a mono tonic  increasing  function  for  all  c for  the  uni* 
molecular  case  according  to  equation  (26)  while  according  to  equa- 
tion (24)  for  the  dissociation  oase  u/c  should  increase  at  first  to 
a maximum  and  then  should  decrease  again.  The  work  of  Tamm  taken 
together  with  that  of  Wilson  shows  the  latter  behavior  for  magnesium 
sulphate  solutions. 

If  the  range  of  values  of  a could  be  lowered  then  the  differences 
between  the  two  meohanlsms  would  be  quite  marked  in  our  limited  range 
of  concentrations.  The  relaxation  frequency  for  the  dissociation 
process  would  Increase  repldly  with  concentration  according  to  equa- 
tion (2?)  while  according  to  equation  (18)  It  would  remain  constant 
for  the  unlnolecular  process.  Further,  the  difference  In  the  be- 
havior of  n/c  for  the  two  oases  would  be  quite  different  as  mentioned 
above. 

order  to  distinguish  between  these  two  possible  mechanisms 
on  the  one  hand  and  to  determine  If  the  acoustic  effect  Is  due  to 
either  one  of  them  on  the  other  the  range  of  values  of  a was  lowered 
by  lowering  the  dleleotrlo  constant  of  the  medium.  For  this  purpose 
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mixtures  of  dioxane  and  tatter  as  solvent  Instead  of  pure  water  were 
used,  The  results  rule  out  the  hypothesis  of  a unimolecular  type 
meohanlsm  and  seem  to  confirm  the  assumption  of  a dissociation  type 
mechanism  Instead. 

Many  different  solvents  mixed  with  water  have  apparently  been 
used  by  chemists  to  determine  the  effect  on  the  chemical  kinetics 
of  a reaction  of  the  dleleotrlc  constant  of  the  medium.  For  the 
purpose  of  the  present  study  it  was  necessary  to  find  a substance 
of  low  dleleotrlc  constant  which  was  readily  miscible  in  water  and 
which  did  not  produce  an  excessive  increase  in  the  sound  absorp- 
tion of  the  solvent. 

It  turns  out  that  there  are  only  about  three  substances  suitable 
for  this  study  [ 13  ] • These  are  dioxane,  methanol,  and  ethylene 
glycol.  Both  ethylene  glycol  and  dioxane  have  been  tried  but  the 
experiments  with  the  ethylene  glycol  have  been  unsuccessful.  They 
are  not  reported  here.  The  work  with  dioxane  has  been  quite 
successful. 

The  work  with  ethylene  glycol  was  complicated  by  the  formation 
of  a fine  precipitate  which  could  not  be  gotten  rid  of  and  the 
origin  of  which  was  not  understood.  Since  the  medium  was  quite 
viscous  the  precipitate  remained  in  suspension  in  the  medium.  It 
is  believed  that  these  small  partloles  added  appreciably  to  the 
sound  absorption  of  the  medium  so  as  to  mask  the  expected  relaxa- 
tion effect.  The  results  for  ethylene  glycol  water  solutions  of 
magnesium  sulphate  could  not  be  interpreted  as  a simple  relaxation 
phenomenon. 


III.  Experimental  Technique 


Description  of  the  Apparatus 

The  reverberation  method  Is  used.  A frequency  range  of  from 
about  20  kc.  to  500  kc.  and  a range  of  decay  rates  from  about  1 db/sec. 
to  about  400  db/sec.  Is  available  with  the  apparatus  used  in  this  ex- 
periment. The  reverberation  method  employed  here  has  been  described 
by  Leonard  [ 5 1 and  by  Tamm  [ 15  ] . Mulders  [ 16  ] and  Moen  [ 14  ] have 
also  described  similar  techniques.  Details  of  this  particular  appa- 
ratus have  been  given  by  Wilson  { 4 ] and  by  Leonard  [ 5 1 • 

A closed  spherical  pyrex  glass  container  filled  with  liquid  and 
suspended  on  thin  piano  wires  In  a vacuum  Is  used  as  the  reverbera- 
tion chamber.  The  sound  source  Is  a small  ADP  crystal  glued  on  the 
outside  of  the  bottle.  The  same  crystal  also  acts  as  the  sound  re- 
ceiver. By  means  of  a system  of  relays  a radio  frequency  generator 
feeds  a signal  of  chosen  frequency  through  an  amplifier  to  the  piezo 
electric  crystal  and  thus  stores  acoustic  energy  In  the  resonator. 

When  the  sound  level  Is  sufficiently  high  the  crystal  is  switched 
from  the  oscillator  circuit  to  the  receiving  circuit.  An  RAK  7 
radio  reoelver  Is  used  which  beats  the  ultrasonic  signal  against  a 
fixed  frequency  and  thus  produces  an  audible  tone.  The  decay  rate 
of  the  intensity  of  the  audible  tone  Is  then  used  as  a measure  of  the 
decay  rote  of  the  sound  energy  In  the  resonator. 

The  output  signal  Is  monitored  visually  by  means  of  an  osolllo- 
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scope  with  a long  persistence  screen  fed  by  a logarithmic  amplifier 
which  gives  a direct  current  voltage  proportional  to  the  logarithm  of 
the  sound  Intensity  and  audibly  by  means  of  a pair  of  earphones. 

The  osoillosoope  Is  synchronized  to  make  one  sweep  when  the  decay 
signal  Is  received. 

For  frequencies  below  about  300  kc.  the  decay  rates  are  general- 
ly long  enough  to  be  recorded  on  a Bruel  and  Kjaer  sound  level  record- 
er. For  large  decay  rates  and  high  frequencies  the  decay  rate  may 
be  determined  by  calibrating  the  oscilloscope. 

The  resonators  are  round  bottom  pyrex  boiling  flasks  whose 
necks  have  been  reduced  to  about  one  Inch  high  and  one  inch  In  out- 
side diameter.  Twelve  liter  boiling  flasks  were  used  throughout  ex- 
cept for  one  series  of  measurements  made  on  a ,002  molar  aqueous 
eolutlon  of  magnesium  sulphate  in  a 50  liter  flask. 

The  crystals  used  were  45*2  cut  ammonium  dlhydrogen  phosphate 
crystals . For  the  frequency  range  from  20  to  about  20 0 kc.  It  was 
found  that  a crystal  of  dimensions  2,0  x 1.2  x .6  cm.  worked  well 
while  at  frequencies  above  200  kc.  a pair  of  smaller  crystals  of 
dimensions  approximately  1.0  x .8  x .6  cm.  connected  in  parallel 
worked  satisfactorily. 

The  temperature  could  be  controlled  to  within  plus  or  minus  one 
half  degree  centigrade  by  means  of  a water  jacket  consisting  of  a 
large  coil  of  copper  tubing  Inside  of  the  vacuum  chamber.  Thermal 
equilibrium  between  the  contents  of  the  resonator  and  the  water 
jacket  was  assured  by  maintaining  the  temperature  in  the  water  jacket 
approximately  constant  for  long  periods  of  time.  Further,  the 


temperature  In  the  room  always  remained  within  a couple  of  degrees 
of  25*0. 

The  temperature  of  the  resonator  was  measured  by  means  of  a 
calibrated  thermistor  whose  resistance  was  measured  on  a small  Wheat- 
stone bridge  built  for  the  purpose.  The  thermistor  was  glued  to  the 
side  of  the  resonator. 

A schematic  diagram  of  the  electrical  parts  of  the  apparatus  Is 
given  on  the  next  page. 

The  system  Is  normally  In  the  receiving  condition  as  shovn  In 
the  diagram.  When  the  system  is  keyed  all  of  the  relays  (l),  (2), 

(3)  and  (4)  close  and  the  system  Is  in  the  send  condition.  A pick  up 
signal  whose  Intensity  can  be  controlled  by  means  of  the  variable  re- 
sistance R Is  used  to  tune  the  receiver  to  the  frequency  of  the  sig- 
nal generator.  It  Is  also  used  for  auditory  tuning  of  the  signal 
generator  to  the  resonant  frequencies  of  the  resonator. 

Method  of  Taking  Acoustic  Data 

In  taking  the  data  a selection  process  was  used  as  follows.  One 
starts  at  the  top  of  the  frequency  scale  and  looks  for  a resonant 
mode.  When  one  Is  found  the  trace  on  the  oscilloscope  will  be  a 
straight  line.  This  decay  rate  Is  recorded  and  the  oscilloscope  Is 
adjusted  so  that  the  trace  makes  a 45  degree  line.  One  then  goes  down 
frequency  looking  for  new  modes  which  give  straight  line  traoes.  If 
a mode  Is  found  with  a trace  steeper  than  45  degrees  It  Is  rejected. 

If  a mode  Is  found  with  a trace  less  steep  It  Is  recorded  and  the 
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oscilloscope  Is  readjusted. 

Both  In  theorj  and  In  practice  a great  number  of  modes  of  vibra- 
tion of  the  resonator  exist.  Points  corresponding  to  these  decay 
rates  plotted  against  frequency  will  form  a kind  of  spread  out  domain. 
By  the  prooess  described  above  one  picks  out  the  lowest  of  these 
modes  and  thus  determines  the  least  bound  of  this  domain  of  points. 

It  Is  believed  that  these  points  correspond  to  the  redial  modes  of 
the  resonator  since  for  these  modes  the  shear  losses  at  the  walls 
should  be  least  and  they  should  have  the  longest  decay  times . Empir- 
ically it  is  found  that  the  least  bound  so  obtained  determines  a 
reasonably  smooth  curve  and  that  for  pure  solvent  a straight  line  with 
a slope  of  two  is  determined  for  the  frequency  range  from  about  80  to 
500  kc.  Belov  about  60  ko.  the  wall  losses  become  relatively  large 
and  the  curve  becomes  less  steep.  Such  curves  are  shown  in  the  data. 

Method  of  Determining  p and  k 

first  a series  of  reverberation  measurements  are  made  by  means 
of  the  apparatus  already  described  and  a calibration  of  the  resonator 
and  liquid  is  obtained.  Next  magnesium  sulphate  is  added  as  described 
in  the  appendix  and  the  series  of  reverberation  measurements  is  re- 
peated. The  increase  in  the  sound  absorption  is  attributed  to  the 
electrolyte.  The  total  sound  absorption  is  thus  assumed  to  be  the 
simple  sum  of  the  resonator  and  liquid  losses  plus  the  loss  due  to  the 
perturbed  ohamleal  equilibrium.  In  particular  equation  (4)  takes  the 
form 
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2-  . L+tl)£  + vail  losses  (27) 

a « 3 2 2 

2pv0  K + « 

The  results  of  the  calibration  run  are  subtracted  from  the 
results  vlth  the  salt  to  determine  the  excess  sound  absorption. 

In  practice  a kind  of  average  curve  Is  drawn  through  each  of  the 
two  sets  of  points  and  the  difference  between  these  two  curves  Is 
taken  at  regular  Intervals.  Since  the  data  Is  In  db/sec.  and  the 
units  of  2 a are  In  nepers /cm.  It  Is  necessary  to  make  a conversion 
of  units. 

If  the  excess  sound  absorption  per  vave  length 

. .1151  [.( decay  rate  solution) -(decay  rate  solvent)]] 

( %2^2  j (frequency) 

is  plotted  on  a log  log  graph  against  the  angular  frequency  the  curve 
will  take  on  a symmetrical  form  about  a maximum  value  oc curing  at  the 
relaxation  frequency.  The  maximum  excess  absorption  per  wave  length 
(i  and  the  relaxation  frequency  k are  then  easily  determined  from  such 
a plot.  Such  curves  are  presented  In  the  appendix  with  the  data. 

As  defined  k Is  measured  In  angular  cycles  per  second  but  the 
frequencies  determined  experimentally  are  measured  In  cycles  per  sec- 
ond; thus  we  must  either  multiply  the  relaxation  frequency  In  cycles 
per  second  determined  experimentally  by  2tr  or  divide  « by  2 it  . The 
latter  course  Is  the  more  convenient  and  will  be  followed  here. 

A summary  of  the  results  of  a series  of  acoustic  measurements 
is  included  in  the  appendix. 
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IV.  Experimental  Results 
INFLUENCE  OF  THE  DIELECTRIC  CONSTANT 

Results  for  Water,  D * 76*5  esu,  T * 25°C 

In  order  to  test  equations  (24)  and  (25)  the  values  of  k^  and 
W are  calculated  from  the  acoustical  data  and  values  of  a cal- 
culated by  using  the  activity  coefficients  of  zinc  sulphate  (these 
should  be  quite  similar  to  those  of  magnesium  sulphate,  reference  3) 
and  the  mass  action  equilibrium  constant  for  an  aqueous  solution  of 
magnesium  sulphate  at  25°C.  The  value  of  the  mass  action  equilibrium 
constant  was  taken  as  .0063  from  reference  6.  Constancy  of  the  cal- 
culated values  of  k^  and  W Is  expected  on  the  basis  of  the  disso- 
ciation hypothesis.  The  results  of  these  calculations  are  tabulated 
below. 


Calculated  Values  of  ki/2"  and  W for  Water 
(25°C,  D « 78.5  esu) 


Concentration 

ki/2Tf 

WxlO3 

(moles/liter ) 

Kc) 

cm^/mol 

.002 

114 

6.04* 

.003 

107 

5.53* 

.0052 

112 

9.57 

.008 

no 

9.07 

.010 

101 

9.59 

.014 

107 

8.81 

.020 

116 

8.82 

Average 

109.6  Average  9*2 

t These  values  are  neglected  in  computing  the  average  because  of  the 
large  uncertainty  in  the  values  of  excess  sound  absorption  at  these 
lev  concentrations. 


27 


Results  for  Water  Dioxane  Solvents 

The  values  of  the  mass  aotlon  equilibrium  constants  for  solu- 
tions of  dleleotrlc  constant  equal  to  67*0  and  56.5  esu  were  deter- 
mined from  the  measured  values  of  the  relaxation  frequency  by  means 
of  equation  (25).  This  was  done  In  order  to  test  equations  (24) 
and  (25)  for  the  solutions  of  lover  dielectric  constant  and  to  see 
If  the  aeoustic  data  might  be  used  to  determine  all  of  the  parameters 
involved. 

It  was  found  that  If  the  relaxation  frequencies  were  plotted  on 
a linear  scale  against  the  square  root  of  the  concentration  that  an 
approximately  straight  line  could  be  drawn  through  the  points  and 
extrapolated  to  zero  concentration.  According  to  equation  (25)  the 
intercept  on  the  frequency  axis  should  give  the  value  of  Equa- 
tion (25)  could  then  be  solved  for  the  degree  of  dissociation  a for 
oach  particular  value  of  concentration  c.  The  activity  coefficients 
could  then  be  calculated  and  finally  the  mass  action  equilibrium 
constant  could  be  calculated  for  each  particular  value  of  concentra- 
tion. The  extrapolated  value  of  k^  was  adjusted  until  a value  was 
found  which  would  give  the  most  nearly  constant  value  of  the  mass 
action  equilibrium  constant  for  all  of  the  concentrations  on  which 
measurements  were  made. 

The  solution  of  equation  (25)  was  facilitated  by  a graphical 
technique . Equation  (25)  was  solved  for  Fca. 

Fea  . — -fa-.  (29) 

1-0 


t 


\ 
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o on  the  right  hand  side  of  equation  (29)  vae  multiplied  and  divided 
by  c which  left  the  equation  unchanged  but  made  the  right  hand  expres- 
sion an  explicit  function  of  ca  for  fixed  c.  The  right  hand  side  of 
equation  (29)  vas  then  plotted  as  a function  of  ca  for  fixed  c and  k 
on  a graph  of  7ca  versus  ca  similar  to  the  one  in  the  appendix.  The 
intersection  of  the  two  curves  gave  the  solution  ca  and  Fca  directly, 
a was  then  computed  from  c and  ca. 

Once  a and  ?ca  were  determined  the  values  of  W were  calcu- 
lated by  means  of  equation  (24)  and  the  measured  values  of  u . 

A plot  of  k versus  Vc  is  included  on  the  following  page  with 
the  theoretical  curves  of  best  fit  drawn  in.  A plot  of  u/c  versus 
\fc  is  also  Included  to  show  how  these  values  follow  the  trend  Indi- 
cated by  equation  (24). 

Results  of  Calculation 

concentration  K WxlO^ 

(moles/liter)  (moles/liter)  (cm® /mole2) 

Dielectric  constant  67.0  esu.  k^/2n  * 130  kc. 


.0015 

.00278 

9.58 

.002 

.00228 

11.2 

.005 

.00275 

9.93 

.0075 

.00207 

9.54 

.010 

.00201 

9.60 

Average 

10.0 

Dielectric 

constant  56.5  esu. 

kj/2Tt  ■ 62  kc. 

.001 

.000695 

10.8 

.002 

.000627 

9.56 

.003 

.000659 

10.91 

.005 

.000590 

10.7 

Average  10.0 
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Summary  of  Results 

In  order  to  be  able  to  check  the  aooustlc  results  for  the  values 
of  dielectric  oonstant  used  It  v&s  necessary  to  determine  the  values 
of  the  mass  aotlon  equilibrium  constant  by  another  means.  This  was 
done  by  making  conductivity  measurements  on  dilute  solutions  of  mag- 
neslum  sulphate  following  the  method  described  In  Earned  and  Oven's 
The  Physical  Chemistry  of  Electrolytic  Solutions  [3]  • 

Values  for  the  mass  action  equilibrium  constant  for  dioxane 
water  mixtures  having  values  of  the  dielectric  constant  equal  to  67. 0 
esu  (l3*o£  by  weight  dioxane)  and  56.5  esu  (25. 0^  by  weight  dioxane) 
were  determined.  This  was  done  with  conductivity  measuring  equipment 
which  belonged  to  the  Agriculture  department.  Dr.  Appleman  very 
kindly  let  the  author  use  It. 

The  results  of  these  measurements  give  for  D ■ 67. 0 esu  K ■ .00252 
and  for  D • 56.5  esu  K • ,000694*  These  measurements  were  made  at 
approximately  25 °C.  See  the  appendix  for  details. 

The  results  of  the  calculations  for  all  solvents  tested  may  be 
summarized  as  follows. 


D 

K (acoustic) 

K (conduct.) 

kjxl0'b 

kgXlO 

(esu) 

(mole/liter) 

(mole  /liter) 

(sec.*1) 

(sec.*1  lltei 

78.5 

,0063* 

.69 

11 

67.0 

.0024 

.0025 

.82 

34 

56.9 

.00065 

.00069 

.39 

60 

* Taken  from  reference  6. 

According  to  Laldler  [17]  the  rate  of  change  of  the  specific  rate 
of  reaction  of  a pair  of  reacting  ions  of  valence  z^  and  Zg  with  the 
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reciprocal  of  the  dielectric  constant  is  given  by  the  following 
equation: 

. d **  - (30) 

dTl/D)  kTr 

In  our  case  z^  ■ ’z2  * 2 and  r equals  twice  the  mean  ionic  radius 
3.08  z 10"®  cm.  The  value  of  the  slope  is  calculated  as  plus  312. 

The  logarithm  of  the  specific  rate  constant  kg  is  plotted  against  the 
reciprocal  of  the  dielectric  constant  and  the  theoretical  slope  is 
drawn  in  for  comparison.  The  plot  is  on  the  next  page. 

It  is  seen  from  the  plot  that  the  specific  rate  of  association 
does  increase  with  the  reciprocal  of  the  dielectric  constant  as  it 
should  if  ions  of  the  opposite  sign  are  involved  as  supposed  here  but 
apparently  not  in  a linear  fashion.  The  positive  Increase  of  kg  gives 
further  credence  to  the  dissociation  hypothesis. 

e is  the  electrostatic  unit  of  charge  and  k is  Boltzmann's 


constant. 


influence  or  the  zonal  concentration 


The  investigation  by  Team  of  the  effect  on  the  excess  sound 
absorption  of  magnesium  sulphate  solutions  of  adding  sodium  chloride 
furnishes  a test  of  the  Influence  of  the  lonal  concentration. 

Calculations  based  upon  approximate  equations  derived  by 
K.  Laldler  [17]  for  the  dependence  of  reaction  rate  upon  ionic 
strength  (equal  to  2p)  vere  used  to  calculate  a as  a function  of  the 
ratio  of  concentration  of  sodium  chloride  to  concentration  of  magnesium 
sulphate*  The  equations  apply  strictly  only  at  very  lew  concentrations 
so  that  agreement  with  experiment  is  only  qualitative.  Calculated  values 
of  Ati/i*  for  a concentration  of  magnesium  sulphate  of  0.1  molar  are 
cooqpared  with  the  values  expected  according  to  Tamm's  rule  in  the 
Table  below. 


1 

SALT  EFFECT 
a 

b 

HaCl 

n 

V 

C 

0 

0 

1.57 

.170 

.314 

3.93 

.617 

.705 

6.2 6 

1.62 

1.25 

8.73 

2.10 

1.75 

11.2 

2.41 

2.24 

a.  Calculated  using  equation  (24)  and  approximate  values  of  a. 


b 


Calculated  using  Tamm's  rule 


mruteio  of  the  temperature 


It  Is  vail  known  that  the  specific  rate  constants  are  exponentially 
dependent  upon  the  temperature  [17].  Referring  to  equation  (25 ) one 
sees  that  the  temperature  dependence  of  k should  thus  be  determined  by 
the  temperature  dependence  of  the  specific  rate  of  molecular  dissociation. 
The  linear  dependence  of  the  logK  on  the  reciprocal  of  the  absolute 
temperature  reported  by  Tamm  [2]  and  by  Wilson  [4]  Is  thus  explained. 

The  experimental  activation  energy  estimated  by  Tamm  and  by  Wilson  Is 
apparently  the  activation  energy  of  molecular  dissociation. 

The  term  multiplying  k^  In  equation  (25)  should  vary  only  slightly 
with  temperature  since  according  to  the  Debye -Huckel  theory  the  tempera- 
ture always  appears  multiplied  by  the  dielectric  constant.  In  the 
range  of  temperatures  from  0°C  to  80°C  the  product  ST  varies  by  only 
10^.  Thus  both  a and  7ca  should  change  very  little.  Any  slight  change 
with  temperature  should  be  masked  by  the  exponential  behavior  of  kp 
In  particular  kj/*  should  be  approximately  constant  In  this  temperature 
range. 

Team  reports  a detailed  series  of  measurements  for  a .05  molar 
solution  of  MgSO^  from  11°C  to  80°C.  The  value  of  ® for  a .05  molar 
may  be  calculated  as  mentioned  above  In  the  discussion  of  the  water 
solvent  results.  The  values  of  the  compressibility  over  this  range 
of  temperatures  may  be  estimated  from  the  speed  of  sound  as  a function 
of  temperature . The  expected  values  of  p for  this  concentration  and 
this  range  of  temperatures  have  been  calculated  using  the  average 
value  of  W * 9 x 10"  ^ for  water  and  are  given  In  the  table  below. 

The  calculated  values  are  to  be  compared  with  values  estimated  from 
Tamm’s  published  results. 


TEMPERATURE  EFFECT 


Temp. 

(i  xlO^ 

\ixlOk 

°C 

(calculated) 

(estimated  from 
Tamm's  work) 

0 

1.85 

m 

10 

1.90 

1.8 

20 

1.94 

1.9 

30 

1.94 

2.0 

40 

1.93 

1.9 

50 

1.90 

1.8 

60 

1.86 

1.5 

70 

1.82 

• 

80 

1.76 

1.2 

I 


V.  Conclusion 


The  calculated  values  of  the  rate  constants  k^  and  kg  are  thought 
to  he  accurate  to  tvo  significant  figures  as  given  in  the  summary  on 
page  31*  This  Judgment  is  based  upon  the  self  consistency  of  the 
calculated  values  of  the  ratio  K for  the  different  concentrations 
used  in  the  acoustic  method  and  upon  the  good  agreement  betveen  the 
tvo  different  methods  of  determining  K. 

Calculations  were  also  carried  out  using  a somewhat  larger  value 
for  the  mean  ionic  diameter  of  3*64  angstroms  taken  from  the  work  of 
Harned  and  Hudson  on  the  diffusion  of  aqueous  magnesium  sulphate  so- 
lutions [ 12] . It  was  found  that  the  results  for  the  acqueous  mag- 
nesium sulphate  solutions  vere  unchanged  while  the  calculated  values 
of  K for  the  dloxane  water  mixtures  vere  slightly  Increased  to  give 
a little  better  agreement  vlth  the  values  of  K determined  from  con- 
ductivity measurements.  The  Increase  in  individual  values  of  K 
calculated  for  each  concentration  was,  however,  less  then  the  varia- 
tion betveen  individual  values.  From  this  we  may  conclude  that  k^ 
and  kg  are  Insensitive  to  the  exact  value  of  the  mean  ionic  diameter 
to  the  degree  of  accuracy  attained  here. 

The  fact  that  the  relaxation  frequencies  for  MgSO^,  MgSgO^  and 
MgCrOjt  are  all  about  the  same  and  different  for  NiSO^,  ZnflO^  and 
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fygSOj^  In  water  solutions  as  determined  by  Tamm  seems  to  Indicate  that 
the  rate  of  molecular  dissociation  Is  largely  determined  by  the 
positive  metal  ion  rather  than  by  the  negative  Ion.  Further,  It  ap- 
pears from  the  unusual  behavior  of  k^  vith  the  addition  of  dloxane 
that  the  nature  of  the  solvent  has  quite  an  Important  effect  upon 
the  rate  of  dissociation.  Perhaps  a continued  study  along  the  lines 
suggested  In  this  thesis  might  shed  more  light  upon  the  factors  de- 
termining rate  prooesses  involving  molecular  dissociation. 


* 
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Derivation  of  Equations  (24)  and  (25) 

Consider  a solution  containing  ions  A and  X of  one  sign,  ions 
I and  B of  opposite  sign  and  the  neutral  molecules  AB.  Let  it  be 
supposed  that  the  ions  A and  S are  continually  associating  to  form 
AB  and  that  the  molecules  AB  are  continually  dissociating  into  the 
ions  A and  B.  The  ions  X and  7 remain  unassociated  and  merely 
insure  electrical  neutrality  of  the  solution.  Introducing  the 
specific  rate  constants  and  the  mean  activity  coefficient  squared, 
the  expression  for  the  rate  of  production  of  ions  A (or  of  B)  may 
be  written  as 

d(A)/dt  « kx(AB)  - kgf+(A)(B)  (1) 

When  equilibrium  is  attained,  d(A)/dt  ■ 0. 

If  it  is  supposed  that  the  equilibrium  between  AB  and  A and  B 
is  pressure  dependent,  then  a change  in  the  pressure  will  cause  a 
shift  in  the  equilibrium.  Such  a medium  may  be  characterized  as 
having  a complex  compressibility.  The  Isothermal  compressibility 
of  the  solution  may  be  assumed  to  be  equal  to  the  isothermal 
compressibility  of  the  solvent  (assumed  real)  plus  a complex  factor 
due  to  the  perturbed  chemical  equilibrium.  Thus 

P “ P0  + P'  (2) 

It  may  be  shown  as  follows  that  the  contribution  to  the 
intensity  attenuation  coefficient  per  wave  length  of  the  complex 
compressibility  is 

2aX  « -2rr  Im  (p’/P0) 


Define  the  complex  sound  velocity  v by  the  equation 


The  term  vQ  is  the  zero  frequency  sound  velocity  since  a goes  to 
zero  as  “2,  This  corresponds  to  a plane  wave  with  time  dependence 
of  the  form  exp(lut). 

Transpose  the  v0  and  square  the  expression. 

vo2  . a2vo2  ...  i2avo 

V2  a.2 

On  the  other  hand, 

vo2  _ P _ Po  + P' 



Ko  Ko 

Therefore 

Ao  ♦ c \ 

4~irJ  ■ *•£  * - * -fr 

The  quantity  2aX  has  a maximum  value  when  taken  as  a function  of 
the  frequency  which  occurs  at  the  so  called  relaxation  frequency.  If 
the  maximum  excess  sound  absorption  per  wave  length  is  represented 
by  |i(  then 

U * -2tt  max  Im  (P'/P0)  (3) 

Consider  a small  unit  cube  in  a homogeneous  volume  of 


solution.  Let  it  be  supposed  that  no  molecules  of  solvent  nor 
of  solute  get  in  or  out  of  the  cub,  that  the  cube  is  in  a plane 
sound  field,  and  that  the  dimensions  of  the  cube  are  small  compared 
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to  a wave  length.  The  vails  of  the  cube  will  pulsate  uniformly  with 
the  passage  of  a sound  wave.  The  rate  equation  (1)  may  be  written 
in  terms  of  the  numbers  of  molecules  and  Ions  per  unit  volume  as 

dnj/dt  ■ kjn  - k2f|n1n2  (4) 

fit  equilibrium  dn/dt  « -dn^/dt  * -dng/dt  * 0. 

In  writing  the  rate  equation  k^  and  kg  are  assumed  to  be 

2 

independent  of  concentration  while  f+  is  assumed  to  be  a function 

of  the  concentration.  In  a harmonic  sound  field  all  of  the  para* 

2 

meters  n,  n^,  ng,  k^,  kg,  and  f+  are  assumed  to  be  pressure 
dependent  and  to  have  a harmonic  time  dependence  of  the  form  exp  (lut). 

The  concentration  of  molecules  and  ions  will  vary  with  the 
passage  of  a sound  wave  because  the  numbers  of  Ions  and  molecules 
vary  and  because  the  volume  varies.  Thus  the  variation  in  the 
unit  volume  must  also  be  considered*  The  available  data,  however, 
seem  to  indicate  that  the  volume  variation  makes  a negligible 
contribution  to  the  sound  absorption. 

The  general  irreversible  rate  equation  may  be  represented  by 
a Taylor's  series  in  terms  of  small  variations  in  all  of  the 
parameters.  Only  linear  terms  need  be  considered. 

2 2 

iuAn^-  nAk^  - f^jijngAkg  + kjAn  - kgf+(njAng  + ngAn^)  + 

2 2 

- kgnjngAf*  - (k1n-2kgn1ngf+)Av  (5) 


kk 


Sines  It  takes  on*  ion  each  of  A and  B to  aak*  on*  Molecule 
of  AB,  It  is  true  that 

An  » -An^  * -Arjg  (6) 

The  mass  action  equilibrium  law, 

K « kj/kg  « f^ng/nj^  (7) 

gives 

nAk^  - f^n1ngAk2  * kgf^n^ngAK/K  (8) 

Well  known  thermodynamic  relations  [3]  give 
(3A4>/6p)T  « Av, 
and  A<J>o  * ~ RT  In  K 

Thus,  RTK-1  (3K/dn)  <0n/3p)T  - - AV0  , 
and  therefore 

AK/K  * (AVq)  An/RT  (3n/3p)  (9) 

Since  A<t0  is  the  free  energy  change  when  all  of  the  reactants 
are  In  their  standard  etate  and  Is  not  the  free  energy  change  on 
going  from  the  ionised  state  to  the  molecular  state,  the  associated 
molal  volume  change  AV0  will  be  treated  as  an  empirical  constant. 
This  Is  contrary  to  the  assumption  made  by  L.  Llebermann  [7]  in  an  • 
earlier  paper. 


T 
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The  contribution  P'  to  the  isothermal  compressibility  due  to  a 
perturbation  of  the  dissociation  process  is 

P*  • - < av/an ) (an/ap)T 

Define  AV  • N (av^n)^  , then 

(an/ap)'1  « - (AV)/Np*  (10) 

Unit  volume  has  been  assumed  so  that  v is  suppressed. 

Putting  equations  (9)  and  (10)  into  equation  (8)  gives 

n - kgf^ngWAn/p'NRT  (11) 

where  W * (AVQ)(AV). 

To  estimate  the  variation  in  the  unit  volume  with  the  passage 
of  a sound  wave  consider  the  variations  in  volume,  pressure,  and 
number  of  molecules  n,  represented  vectorlally  on  the  clock 
diagram  below  (Figure  1). 


->P 


Figure  1 

The  net  change  in  volume  Av  must  lag  behind  the  acoustic 
pressure  p since  this  gives  work  done  on  the  system  as  positive. 
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Av0  la  the  variation  in  volume  of  the  solvent  assumed  dissipetlonless 
for  convenience  so  that  it  lags  behind  the  acoustic  pressure  by  one 
hundred  and  eighty  degrees. 

The  variation  In  volume  Av'  due  to  a shift  In  equilibrium  Is 
assumed  to  be  In  phase  with  the  variation  in  the  number  of  molecules 
A n.  The  resultant  change  In  volume  of  the  solution  is  Av.  a 
decrease  In  volume  associated  with  the  dissociation  process  has  been 
assumed. 

From  the  diagram  It  may  be  deduced  that 

Av  « -(?0+P')YP  , 

Av*  * -?'YP  • 

The  ratio  of  specific  heats  y has  been  Introduced  because  the  process 
Is  adiabatic. 

It  may  reasonably  be  assumed,  however,  that 
Av'  * (av/di^jAng  * (AV)An/N, 
since  Y Is  very  close  to  one. 

Eliminating  Av1  and  Yp  between  the  last  three  equations  gives 

Av  * (Ay)(Po+p' )An/NP'  (12) 

2 Art 

To  estimate  the  variations  in  f+  as  a function  of^let  a new 
function  7 be  defined  such  that 


7 * - 


“l 


+ Zg)  d (lnfJ)/dP 


(13) 
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This  function  la  discussed  In  the  following  section. 

Pi.  celled  the  ion&l  concentration  [ 3]  and  for  the  case 

considered  here  is  given  by  the  equation 
1 ■ 4 

r * N*1  y n,Z< 


Variations  In  f+  will  be  given  by 

Lt\  « - f^F  (An/N  -r'Av)  (15 j 

• _ 2 2 

where  /”  » / / (Z^  + Zg)«  Equation  (6)  and  the  fact  that  the 
populations  of  X and  Y remain  unchanged  has  been  used. 

Substitute  equations  (6),  (ll),  (12),  and  (15)  Into  equation 
(5)*  Cancel  out  An  and  solve  for  p*.  Use  equation  (7)  to  eliminate 
terms  Involving  kg. 

p*  * kjnN'1  [W(RT)'1  - (A?)p0(»r'-l)][itt  -x]"1. 


where 


^ [1  + n”1  + n"1  + nK-1(F  + AV  - Ff^V)] . 


If  one  assumes  that  (AV)  Is  very  small  so  that  (AV)  « F and 
also  (AV)  « (AV0)  then  all  terms  involving  (Av)  may  be  dropped. 
The  results  seem  to  confirm  these  assumptions  as  will  be  shown 
below.  Thus 


P»  - [ kjnW/NRT]  [lu-x]' 


where  * » k^[  1 + n(n^1  + - IT  ^F)3 
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In  reference  [7]  it  vas  assumed  that  (&V)  * (AV0). 

P ' has  a maximum  at  u * k thus  * is  the  relaxation  frequency. 

To  obtain  expressions  for  n and  k in  terms  of  concentration 
units  consider  the  following.  Let  c be  the  total  concentration  of  A 
In  either  the  molecular  or  ionized  state  and  let  a be  the  fraction  of  A 
in  the  Ionized  state,  then 

(AB)  - c(l-a)  » nN_1, 

(A)  * ca  « n^B  \ 

Similarly  let  c'  be  the  total  concentration  of  B in  either 
state  and  let  a'  be  the  fraction  of  B In  the  ionized  state,  then 

(AB)  - c'(l-a'), 

(B)  * c'a*. 

Thus  c(l-a)  * c»(l-a*). 

Suppose  that  c*  * me  then  solve  for  a* 

. , -1  -1 
a ' * 1-  m + m a. 

Thus  (B)  * c(m-l  + a)  * ngN-1. 

Substitute  equation  (16)  into  equation  (3)  and  change  the 
notation  as  indicated  above.  The  expression  for  the  maximum  excess 
sound  absorption  per  wave  length  in  this  notation  Is  then  given  by 


1 
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« 


|i  « flc(l-a)kjW/  xpgRT 


*9 

(17) 


Similarly  In  this  notation  the  expression  for  the  relaxation 
frequency  k becomes 

-- <S£r  - (18) 

For  the  special  case  where  the  concentration  of  magnesium  Ions 
equals  the  concentration  of  sulphate  ions  m ■ 1 and  equation  (l6) 
becomes  equation  (25)  of  the  text. 
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The  Function  Fca 

The  function  F always  appears  nultlplied  by  c a so  that 
it  is  jaore  convenient  to  consider  Fca  rather  than  F alone. 

The  expression  for  the  mean  activity  coefficient  squared 
according  to  the  Debye-Huckel  theory  is 

in  fj  • -4.606  srl/2(l  Jjrl/2)ml.  (19) 

For  a bi  bivalent  electrolyte  vhere  * z£  * 2 and  taking 
for  the  mean  ionic  diameter  the  standard  value  of  3*06 
angstroms  [l9] , the  expressions  for  S and  J{  are 

S - 5.132  x 106  (DT )’3/2, 

Jl  « 109.6  (DT)’1^. 

Substitute  equation  (19)  into  equation  (12)  and  multiply 
through  by  ca. 

Fca  - 18.424  Seal"”1/2  (l  +aflf1/2)”2  (20) 


- 


V 


1 


51 


Equations  (19)  and  (20)  are  plotted  on  page  52  for  several 
values  of  the  dielectric  constant  as  a function  of  ca  over  the 
range  of  values  of  c In  which  these  equations  are  expected  to 
hold  approximately. 
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Preparation  of  the  Staples 

In  preparing  the  tangles  the  resonator  was  first  sashed  with 
cleaning  solution  (concentrated  sulphuric  add  and  potassium  chromate) 
ad  then  sashed  with  a detergent  and  hot  sater.  The  resonator  sas 
finally  rinsed  several  times  with  once  distilled  sater. 

In  preparing  the  solvent  mixture,  once  distilled  sater  and  dl- 
oxane  (Baker  Chemical  Co.,  Technical  grade)  sere  weighed  and  mixed  In 
the  resonator*  The  weights  sere  determined  to  four  significant  fig- 
ures on  a large  kilogram  scale  so  that  the  percentage  by  weight  of 
dloxane  Was  known  accurately.  The  dielectric  of  the  solution  sas  de- 
termined from  this  knowledge  by  means  of  a table  [ 3 ] . 

It  has  been  found  that  any  gas  bubbles  on  the  walls  of  the 
resonator  will  enormously  Increase  the  decay  time  and  may  In  fact  mask 
all  other  sources  of  attenuation.  It  was  necessary  to  prevent  the 
formation  of  any  such  bubbles.  For  this  purpose  the  sample  was  run 
through  a degassing  process. 

The  sample  was  connected  by  means  of  a short  length  of  rubber 
tubing  which  had  been  previously  boiled  In  concentrated  sodium  hydrox- 
ide solution  and  a glass  tube  adapter  to  an  evacuated  12  liter 
sphere.  A magnetos  trie  tlve  transducer  was  held  tightly  against  the 
resonator  and  driven  at  about  Its  resonant  frequency  and  the  fifth 
resonant  spherloal  mode  of  the  resonator.  This  was  about  26  kc.  Un- 
der these  conditions  a small  amount  of  liquid  (about  1 gram)  boiled 
off  until  the  partial  pressures  of  liquid  and  liquid  vapor  were 
equal.  The  gas  In  solution  continued  to  come  out  of  solution,  expe- 
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dltad  by  the  aotion  of  the  strong  acoustic  field  built  up  at  the  reson- 
ant node  of  the  bottle  until  the  partial  pressure  of  the  gas  in  the 
gas  phase  was  equal  to  the  partial  pressure  of  the  gas  dissolved. 

When  the  gassing  of  the  solution  s loved  down  appreciably  the  second 
sphere  was  pumped  out  again.  In  this  nay  the  gas  content  of  the  solu- 
tion was  reduoed  to  a snail  value  so  as  to  prevent  the  foraatlon  of  any 
gas  bubbles  on  the  walls  of  the  resonator  during  the  series  of  rever- 
beration measurements . The  liquid  was  called  degassed  when  no  more 
bubbles  could  be  driven  out  of  the  liquid,  and  sealed  by  means  of  a 
short  rubber  tube  and  a clamp.  The  process  took  about  36  hours  on  the 
average.  The  sample  was  then  allowed  to  set  for  a couple  of  days  eo 
that  any  residual  gas  bubbles  might  redlssolve. 

To  prevent  the  formation  of  gas  bubbles  due  to  the  action  of  bac- 
teria the  samples  were  poisoned  with  a very  small  quantity  of  mercurio 
chloride.  Four  milliliters  of  a solution  of  40  milligrams  of  mercuric 
chloride  per  liter  vere  added  to  the  12.5  liters  of  solution  in  the 
resonator  for  this  purpose. 

The  magnesium  sulphate  used  was  of  the  type  Baker  Analysed  and 
was  weighed  on  an  analytic  balance  to  the  last  milligram  thus  giving 
four  significant  figures  for  the  velght  determination.  To  add  the 
salt  to  the  degassed  liquid  it  was  put  in  a one  liter  sphere  which 
was  coupled  to  the  resonator.  The  sphere  was  then  evacuated  for 
several  hours  and  a heat  laq?  was  used  to  drive  off  gas  stioking  to 
the  crystals.  The  tvo  spheres  were  then  opened  to  each  other  and  the 
salt  dissolved.  Alternately  the  salt  was  merely  added  by  opening  the 
resonator  and  then  degassing  it  again.  The  latter  method  was  found 


55 


to  bo  most  efficient. 

For  convenience  in  weighing  hydrated  magnesium  sulphate  7^0 

was  used  for  all  of  the  low  concentrations.  It  was  estimated  that  the 
resulting  change  in  the  concentration  of  water  in  the  solution  was  no 
greater  than  a few  hundredths  of  one  per  cent.  At  higher  concentra- 
tions anhydrous  HE0O^  was  used.  The  values  of  the  dielectric 
constant,  estimated  to  three  significant  figures  by  means  of  the 
table  mentioned  above  did  not  change  on  addition  of  the  magnesium 
sulphate. 


Conductivity  Determinations  of  the  Mass 
Aotlon  Equilibrium  Constants 

The  test  cell  was  made  of  a pair  of  one  centimeter  square  plat- 
inised parallel  plates  approximately  one  centimeter  apart  set  in  a 
small  glass  sphere.  The  test  solution  could  be  drawn  up  into  the 
cell  by  means  of  a rubber  bulb  on  the  top.  The  bridge  was  a Con- 
ductivity Bridge  Model  PC  1 6 made  by  Industrial  Instruments,  Inc. 

To  make  the  test  samples  approximately  two  liters  of  solvent  of 
the  correct  proportions  of  dloxane  and  water  was  prepared.  From 
this  approximately  one  liter  of  magnesium  sulphate  solution  of  maxi- 
mum concentration  was  prepared.  Finally  from  the  solution  and  the 
pure  solvent  all  of  the  other  test  samples  were  prepared  in  250  ml. 
lots.*  One  liter  of  a standard  solution  of  .01  K EC1  was  also  pre- 
pared. 

The  solution  to  be  tested  was  drawn  up  into  the  test  oell  and 
the  resistance  was  read  on  the  bridge.  The  resistance  of  all  of  the 
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various  solutions  of  magnesium  sulphate  as  veil  as  of  the  pure  solvent 
and  the  standard  solution  vere  determined  one  after  the  other. 

The  resistance  of  the  standard  solution  vas  used  to  oaloulate  the 
cell  constant.  The  speolflo  resistance  of  the  test  solution  vas 
taken  from  the  Handbook  of  Chemistry  and  Physics  (1951).  Once  the  cell 
constant  had  been  determined  in  this  fashion  the  specific  conductivi- 
ties of  the  various  solutions  vere  confuted.  To  determine  the  spe- 
cific conductivity  of  the  magnesium  sulphate  In  solution  the  specific 
conductivity  of  the  magnesium  sulphate  L*  vas  taken  as  equal  to  the 
difference  betveen  the  specific  conductivity  of  the  solution  and  of 
the  solvent.  The  equivalent  conductivity  of  magnesium  sulphate  In 
solution  A Is  the  specific  conductivity  of  the  magnesium  sulphate 
times  1000  divided  by  the  number  of  equivalents  (twice  the  molar  con- 
centration) per  liter.  This  quantity  is  plotted  as  a function  of 
the  square  root  of  the  concentration  of  salt. 

To  determine  the  mass  action  equilibrium  constant  from  these 
measurements  It  Is  assumed  that  the  Onsager  conductance  limiting  lav 
describes  the  behavior  of  an  Ideal  completely  dissociated  salt.  The 
difference  betveen  the  theoretical  and  experimental  conductance  then 
Is  attributed  to  Incomplete  dissociation.  (See  reference  3 for  a 
discussion  of  this  assuaptlon.) 

When  Incomplete  dissociation  is  taken  Into  account  the  Onsager 
conductance  lav  takes  the  form 

A ■ <■  ( A - <“*  Ao^*) 
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where  for  the  2-2  electrolyte 

f\  • 1000L*/2c 

and  f\  0 is  the  value  of  /\  extrapolated  to  taro  concentration.  0* 
and  p*  are  constants  which  are  functions  of  the  dlelectrlo  constant, 
the  temperature  and  the  viscosity  of  the  medium  (see  reference  3, 
chapter  5). 

In  practice  one  plots  f\  m a.  function  of  \/c~ then  extrapolates 
a straight  line  through  the  last  few  points  to  tero  concentration 
to  determine  the  limiting  conductance  f\  Q.  Then  one  computes  a for 
each  concentration  tested  and  the  corresponding  activity  coefficients. 
Then  one  computes  the  mass  action  equilibrium  constant.  One  adjusts 
the  extrapolated  value  of  f\  until  one  finds  the  value  which  gives 
the  most  nearly  constant  value  of  the  masB  action  equilibrium 
constant.  This  was  done  and  a plot  of  the  experimental  conductance 
with  the  limiting  behavior  indicated  appears  on  the  following  page. 
The  values  of  the  various  constants  used  and  calculated  are  summar- 
ised In  tables  on  page  59. 

For  the  purpose  of  calculating  E from  the  experimental  values  of 
the  speolf lc  conductivity  a method  suggested  by  Banks  [ 11  ] was  em- 
ployed. For  the  purpose  of  this  study  it  was  necessary  to  consider 
higher  order  terms  which  he  neglects  In  his  development. 

The  calculated  values  of  E do  not  depend  upon  the  choice  of  the' 
mean  Ionic  radius  since  the  contribution  of  the  term  Involving  It  Is 
negligible  In  the  range  of  concentrations  used.  Equation  (21)  was 
used  In  the  form 
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log  fj  - -28 ’ yfca 

where  the  values  of  S'  are  given  in  the  summary  below. 


Onsager  law  Constants 


t by  wt. 
dloxane 

Vlscosltyxlo3 

(ogs) 

D 

(esu) 

a* 

P# 

S’ 

13.0 

11.53^ 

67.0 

2.31 

201.0 

5.145 

25.0 

14.01 

56.5 

2.96 

179.8 

6.64 

a Viscosities  were  interpolated  from  a table  on  page  544  of  ref.  3 


Conductance  Results 
(temperature  25*C) 


oxlO^ 

A 

a 

fj 

O 

KxlO* 

(moles /liter)  l 

(mho/equlv. ) 

l 

(moles/liter) 

13.0*  by  weight 

dloxane, 

D-67,0  esu 

0.00 

102. 

1.00 

1.000 

.253  average 

0.40 

85.8 

.915 

.63 6 

.250 

0.90 

77.5 

.862 

.517 

.250 

1.593 

70.6 

.819 

.425 

.250 

1.963 

68.7 

.810 

.390 

.264 

3.60 

61.5 

.778 

.266 

.274* 

25.0J&  by  weight 

dloxane, 

D-56.5  esu 

0.00 

83. 

1.00 

1.000 

.0694  average 

0.225 

65.3 

.920 

.656 

.0685 

0,40 

60.0 

.892 

.580 

.0714 

0.90 

50.5 

.695 

.465 

.0662 

1.60 

44.8 

.641 

.376 

.0687 

2.50 

41.2 

.611 

.302 

.0722 

3.60 

37.7 

..590 

.244 

.0744* 

These  values  were  Ignored  in  computing  the  average  since  their 
large  departure  from  the  average  was  taken  as  an  indication  that  the 
Oneager  limiting  equation  did  not  apply  well  at  these  concentrations. 
(See  reference  3) 
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Determination  of  the  Isothermal  Compressibility 


The  isothermal  compressibility  p appears  in  equation  (23)  and 
must  be  evaluated  for  the  mixtures  of  dioxane  and  water  considered. 
The  following  method  was  employed  for  this  purpose. 

The  velocity  of  sound  v0  is  related  to  the  specific  heats  Cp 
and  Gyf  the  density  p and  the  Isothermal  compressibility  p by 


ig.  J3l 

° OypP 


(1) 


On  the  other  hand  as  was  pointed  out  to  tbe  writer  by  Or.  Scott 
we  have  the  thermodynamic  relation 


Op  - °T  . - *(f^  ( 


9T 

& 


(2) 


This  can  be  written  in  terms  of  the  compressibility  to  give 

°T  ' ’ -Wf  ( »)p  (3) 

From  rough  oalorimstrlo  measurements  on  mixtures  of  dioxane  and 
water  the  corresponding  values  of  Cp  were  determined.  From  tables 
of  the  density  of  various  mixtures  of  dioxane  and  water  as  a func- 
tion of  temperature  given  in  Earned  and  Oven  [ 3]  the  corresponding 
values  of  (3V/9T)p  were  estimated.  Finally,  from  measurements 
of  the  velocity  of  sound  in  mixtures  of  dioxane  and  water  [13] 
the  corresponding  values  of  vQ  were  determined.  By  solving  equations 
(l)  and  (3)  simultaneously  values  for  p and  Cp/Cy  were  determined 
the  following  table  summarises  the  results. 
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CompressibiUty  Determination  ( 25#C) 


5l  weight  dlozane 

Cp/Oy 

pxlO^o.g.s.) 

0.0 

1.00 

1*55. 

12.0 

1.03^ 

437* 

20.0 

1.05 

1*20 

32.6 

i.oe* 

l*25b 

1*5.0 

l.ii 

1*36 

a Interpolated  values. 

V 

b Calculated  values  using  Interpolated  Cp/Cy. 


Sunnary  of  Aoouatio  Measurements 
(Temperature  25*C) 


D 0x10*3 

c 

l*xlO^ 

v/o  * W3 

«/2tf 

(e.s.u.)  (o.g.s.) 

moles /liter 

liter/mole 

(X.c.) 

78.5  1*55 

.002 

3.0 

1.50 

135 

(water) 

.003* 

4.5 

1.53 

130 

.0052* 

15.5 

2.98 

140 

•Wilson's  date  [1*] 

.000* 

25.5 

3.18 

140 

.010* 

35.5 

3.55 

130 

.014* 

40. 

3.43 

138 

.020* 

00. 

4.00 

150 

67.0  435 

.001 

3.4 

3.4 

(water-dloxane 

.0015 

5.7 

3.82 

175 

13.05(  by  wt.  dlox.) 

.002 

10.0 

5.02 

190 

.005 

27. 

5.39 

200 

.0075 

41. 

5.47 

230 

.010 

57. 

5.70 

235 

.020 

100. 

5.00 

see* 

.0208 

no. 

5.29 

• • 

56.6  1*20 

.0009 

:ooi 

2. 

6.0 

6.00 

m m 

no 

(water-dloxane 

25.056  by  wt.  dlox.) 

.002 

U.5 

5.75 

130 

.003 

20.0 

6.67 

135 

.005 

34.0 

6.00 

155 

l>~>f  AliUunlr 
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